Solid state NMR is becoming a powerful tool to detect atomic-level structural features of biomolecules even when they are bound to -or trapped in -solid systems that lack long-range three dimensional order. We here demonstrate that it is possible to probe protein-ligand interactions from a protein-based perspective also when the protein is entrapped in silica, thus translating into biomolecular solid state NMR all the considerations that are usually made to understand the chemical nature of the interaction of a protein with its ligands. This work provides the proof of concept that also immobilized enzymes can be used for protein-based NMR protein-ligand interactions for drug discovery.
INTRODUCTION
Several chemical applications including fine chemistry, diagnosis and decontamination rely upon the use of immobilized proteins. The immobilization of enzymes is of particular interest because of the variety of reactions that they can catalyze under mild, physiological, conditions, [1] [2] [3] [4] [5] [6] reducing the environmental footprint of chemical processing. 7 Protein immobilization often results in improved stability; 8 furthermore, the immobilized enzyme becomes an heterogeneous catalyst that can be easily removed from the reaction mixture, thus reducing the problems of using enzymes in an industrial setting. 9 Several different approaches have been proposed for the purpose of protein immobilization, 8, 10, 11 mainly clustered in the categories of: adsorption, 12, 13 covalent linkage, [14] [15] [16] 6 encapsulation by confinement in a physical barrier 17 and entrapment within a matrix. 18 Among the entrapment methods, one very interesting approach is the creation of a bioinspired silica scaffold around the protein. [19] [20] [21] [22] This approach ensures higher immobilization than mere adsorption and, at the same time, does not foresee the creation of any covalent bond, hence it less likely perturbs the native fold of the enzyme. Furthermore, enzymes immobilized through this approach have been reported to have higher stability. 8, 23, 24 Checking the preservation of the active fold of the protein when immobilized often requires a combination of different experimental techniques, [25] [26] [27] so that most of the characterizations are performed either by the assessment of the enzymatic activity or by immunochemical assays. 28 However the recent developments in solid-state biomolecular NMR [29] [30] [31] [32] [33] [34] [35] [36] have demonstrated that SSNMR is becoming a powerful tool for the characterization of hybrid inorganic/biomolecular composites lacking long range order: evidence has accumulated over the years that it is possible to characterize the inorganic component, the composition of the biomolecular component, [37] [38] [39] [40] [41] [42] [43] [44] [45] changes in the spectra of the entrapped protein 46 down to structural features at the atomic level for entrapped [47] [48] [49] [50] [51] as well as for adsorbed proteins, 52 and also to probe the biomolecule-matrix interactions. [53] [54] [55] [56] Since sufficient resolution is achieved to observe changes in the chemical environment of individual atoms, in principle this would make it possible to probe protein-ligand interactions from the protein perspective. We here describe the application of SSNMR to detect the interaction between silica-immobilized human carbonic anhydrase (hCAII) and two of its inhibitors, the weaker sulpiride and the stronger furosemide. We have chosen hCAII because it has been already characterized by NMR. [57] [58] [59] [60] [61] hCAII is a very efficient enzyme that catalyzes the hydration of CO 2 to HCO 3 -, which would occur too slowly on the physiological timescale.
Immobilized hCA has an industrial relevance for CO 2 sequestration, [62] [63] [64] [65] [66] and its esterase activity 67,68 may have biotechnological applications. 69 In addition to this, the different isoforms of hCA are found to be overexpressed in several pathologies, thus they are interesting targets for drug development. [70] [71] [72] [73] 
MATERIALS AND METHODS

Expression of human Carbonic Anhydrase II (hCAII)
The gene encoding hCAII into the pCAM vector was transformed into Escherichia coli 
Silicification reaction
The silicification reactions of hCAII were performed as previously reported 14 using Poly L-Lysine as a promoter for the polymerization of silica, but at higher pH (7.2 instead of 7.0) on the other side of the isoelectric point of the enzyme (7.13 74 ). hCAII (400 µL, 40 mg/mL in 10 mM HEPES, pH 7.2), poly-L-lysine (100 µL, 10 mg/mL in H 2 O; MW: 4000-15000 Da) were added to 1.5 mL vials and shaken for 10 min. To the resulting solution, a 100 mM solution of silicic acid (500 µL) in 10 mM HEPES, pH 7.2 [freshly prepared from a stock solution of 1 M silicic acid obtained by the addition of 1 mM HCl (850 µL) to pure tetramethyl orthosilicate (TMOS;150 µL)] was added, and the mixture was left for 10 min at room temperature to react.
The suspension was used to fill a 3.2 mm rotor using an ultracentrifugal device. 75 
NMR measurements
All solution NMR experiments for backbone assignment (3D HNCA, 3D HNCO, 3D HN(CA)CO, 3D HNCACB, and 3D CBCA(CO)NH) were performed on a sample of 13 kHz, ω N = 35 kHz, ω C = 21 kHz at match). The number of scans was 1216 for furosemide spectra and 2432 for the initial spectrum of the sample used for interaction with sulpiride. After the loading of the sample with the sulpiride solution the signal decreased and the number of scans was increased to 3600 to partially compensate for the loss in intensity.
In 2D 13 C-13 C Dipolar-Aided Rotary Resonance (DARR) 84,85 spectrum, the 1 H-13 C CP contact time was set to 2 ms (ω H = 78 kHz at match, ω C = 50 kHz) with a 100-70 linearly ramped contact pulse on 1 H, DARR mixing time was set to 50 ms; the number of scans was 288.
All the spectra were processed with the Bruker TopSpin 3.2 software package and analyzed with the program CARA (ETH Zürich). 86 The protein backbone assignment was obtained from the analysis of the solution NMR spectra acquired on hCAII and compared with literature data. 60, 61 The final percentage of assignment was 88%, since residues 1-22 and some residues belonging to loops could not be identified in the spectra, in line with previous reports. 60, 61 
RESULTS AND DISCUSSION
Recently, we have demonstrated that high resolution SSNMR, based on 13 C detection, can be applied to observe the spectra of silica-encapsulated enzymes, 47 and to monitor the perturbations induced by the silicification with respect to the protein when free in solution. 47, 48 Incidentally, we note that the silica prepared under these experimental conditions is rather reproducible in terms of quaternary sites distribution, 48 and that in previous reports we have not observed any strong site-specific interaction between the protein and the matrix. 48, 50 We have here applied the same strategy to the characterization of the interaction of hCAII with furosemide, with the aim of proving that it is possible to observe a protein-ligand interaction when the protein is immobilized -entrapped in silica in the present case. The spectra show a remarkable resolution and, at variance with previous observations under different experimental conditions, 87, 47 protein degradation over time is not observed. Such high resolution is most probably due to the fact that the protein retains its full hydration, and allows for atomic-level characterization of the system, whereas in previous investigations by other groups the sample was lyophilized. 46 Because of the high resolution achieved in the 2D 15 N-13 C NCA spectrum, the assignment obtained in solution is easily transferable to the solid state. We have thus compared the Cα and N chemical shifts observed in solution with those observed in the solid state for the uninhibited enzyme ( Figure 1A) . The perturbation is overall minor, with larger differences occurring for some residues on the protein surface, in particular charged residues and residues close to them ( Figure 1B) , as already observed for other systems. 47, 48 The preservation of the chemical shift pattern of the active site is already indicative that its structure is preserved, in line with previous enzyme kinetic data on carbonic anhydrase entrapped in silica with a different chemistry 87 as well as with the enzymatic activity measured for our composite (see Supporting Information). We also observe that lysine signals in the 2D 15 N-13 C NCA show reduced intensities, as already reported 50, 89, 90 and in line with the expected interaction of positively charged residues with the disordered silica matrix. [91] [92] [93] [94] [95] [54] [55] [56] It is interesting to notice that the opposite holds true for the same protein when using an immobilization strategy based on the formation of a covalent linkage of lysine residues with an epoxy-linker grafted on the silica surface. 46 This is possibly due to the more homogeneous environment for lysine residues that is achieved by covalent linkage. 96, 46 The resolution of the solid state NMR spectra is high enough even to allow for effective localization of an inhibitor when bound to the enzyme, as it is done for the so-called proteinbased drug screening in solution. 97, 98 We have here focused our attention on the detection of the interaction of the furosemide inhibitor with the enzyme. This inhibitor has high affinity (with K d in the nM range 99 (Figure 2 ), also using the information from the 2D 13 C-13 C DARR spectrum. From the analysis of the chemical shift perturbation (CSP), it is apparent that active site residues exhibit the largest effects ( Figure 3A, 3B) . The active site of the enzyme ( Figure 3C) comprises of three histidine residues that coordinate the Zn(II) (H94, H96, H119); the coordination sphere of the metal is completed by a water molecule, which is involved in a hydrogen bonding with T199. This water molecule is removed upon binding to sulfonamide inhibitors ( Figure 3D ): the NHmoiety of the sulfonamide participates in hydrogen bonding with the Oγ of T199, and one of the oxygen atoms of the -SO 2 NHmoiety also engages the backbone NH of T199, 100-102 explaining the major perturbation at this site. Overall, the residues with the highest CSP on the protein surface are located in the active site cleft, where the inhibitor is bound ( Figure 3B,3D) . The method is sensitive enough to reveal differences also in the presence of a lower-affinity inhibitor, sulpiride in the present case. To load the protein with sulpiride, the silica was removed from the rotor, washed with a buffered solution containing sulpiride, previously dissolved in DMSO, and repacked. Also in this case the CSP shows that active site residues exhibit the largest effects ( Figure 4A and 4B) . 
CONCLUSIONS AND OUTLOOK
In this work, we capitalize on the recent advances in the SSNMR applied to composites having both an inorganic and a biomolecular component. Even if the signal to noise ratio is lower due to the presence of the silicic matrix, the use of high field instruments and dedicated probes mitigates the problem and allows for detection of the protein resonances. We observe a very remarkable resolution, most probably due to the retention of the full hydration of the protein. We here demonstrate that the resolution is high enough to track at the atomic detail the perturbations due to the interaction of the protein with a ligand. This observation allows us to speculate that it will be possible to perform protein-based studies of protein-ligand interactions by means of solid state NMR on immobilized proteins, expanding the possibilities of drug discovery, where immobilized enzymes have already been used for ligand-based screening. 28,104-109 A possible pitfall in this strategy is the accessibility of the enzyme by the substrate 87 as well as by the candidate drugs, but this is easily checked by performing enzymatic activity tests.
We have focused our attention on the selection of the experiments that can be rapidly acquired and at the same time allow for direct translation of the resonances assignments obtained in solution for the free target. The present results obtained on the 13 C-15 N labelled protein, combined with the possibility to apply proton detection 110, 111 to immobilized enzymes, 50 suggest that a larger sensitivity and improved throughput will be possible by a proton-detection strategy applied on the 2 H-13 C-15 N labelled protein, exploiting the advantages linked to the larger sensitivity of proton resonances to changes in the local chemical environment. Finally, we expect that by the use of fusion tags to improve immobilization [112] [113] [114] [115] and of open-ended rotors to be used as "cartridges" for loading with ligand and subsequent washing, it will be possible to test several inhibitors on the same sample.
Supporting Information
Experimental details and results of the enzymatic assays on the free and on the immobilized enzyme. 
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